Although iron is commonly used to correct iron deficiency anemia (IDA) in chronic kidney disease (CKD) its effect on kidney function is unclear. To assess this, we randomly assigned patients with Stage 3 and 4 CKD and IDA to either open-label oral ferrous sulfate (69 patients to 325 mg three times daily for 8 weeks) or intravenous iron sucrose (67 patients to 200 mg every 2 weeks, total 1 gram). The primary outcome was the between group difference in slope of measured glomerular filtration rate (mGFR) change over two years. The trial was terminated early on the recommendation of an independent Data and Safety Monitoring Board based on little chance of finding differences in mGFR slopes, but a higher risk of serious adverse events in the intravenous iron treatment group. mGFR declined similarly over two years in both treatment groups (oral −3.6 mL/min/1.73m 2 , intravenous − 4.0 mL/min/1.73m 2 , between group difference − 0.35 mL/min/1.73m 2 (95% confidence interval −2.9 to 2.3). There were 36 serious cardiovascular events among 19 participants assigned to the oral iron treatment group and 55 events among 17 participants of the intravenous iron group (adjusted incidence rate ratio 2.51 (1.56−4.04). Infections resulting in hospitalizations had a significant adjusted incidence rate ratio of 2.12 (1.24−3.64). Thus, among non-dialyzed patients with CKD and IDA, intravenous iron therapy is associated with an increased risk of serious adverse events, including those from cardiovascular causes and infectious diseases.
Introduction
It is estimated that there are approximately 8 million individuals in the United States with moderate to severe chronic kidney disease (CKD) [1] . Anemia often occurs during moderate (stage 3) CKD, primarily from reduced erythropoietin production but also due to iron deficiency [2] . Enhanced erythropoiesis after therapy with recombinant human erythropoietin may lead to functional iron deficiency that often necessitates therapy with intravenous iron [3] . Although partial correction of anemia reduces the need for blood transfusions, toxicity due to the participation of elemental iron in causing cell damage and in generating oxidative stress has raised concern of potential health risks which remain incompletely understood [4;5] . There is a paucity of information on the safety of this therapy as only one-half of the randomized clinical trials of oral and intravenous iron in adults and children reported adverse events, and even fewer described those that were serious [6] .
Oxidative stress plays an important role in the pathogenesis and progression of CKD [7;8] . Iron increases biological markers of oxidative stress [9] in cell cultures [10] , animal models [11] , and among end-stage renal disease (ESRD) patients treated with hemodialysis [12] [13] [14] . Among patients with CKD not on dialysis, intravenous iron can generate oxidative stress and downstream effects such as endothelial damage and kidney injury [15;16] . Thus ironinduced injury may lead to an accelerated course of renal [7] and cardiovascular disease [17;18] . Research recommendations emphasize the need to evaluate the long-term risks of intravenous iron therapy among CKD patients [19] .
We hypothesized that among patients with moderate to severe CKD and iron deficiency anemia, compared to oral iron, infusion of intravenous iron will result in greater decline in kidney function. We report here the primary results of the randomized trial to evaluate intravenous and oral iron in chronic kidney disease (REVOKE).
Results
Between August 15, 2008 and October 20, 2014 we randomized 136 subjects with iron deficiency anemia and chronic kidney disease not on dialysis to either oral iron sulfate or intravenous iron sucrose. The trial flow is shown in the appendix ( Figure S1 ).
The clinical characteristics of study participants at baseline are shown in Table 1 . Of note, compared to the oral iron group, the intravenous iron group was younger (p=0.02), had less baseline cardiovascular disease (p=0.04), and past history of hospitalization due to infection (p=0.05). Overall, the mean hemoglobin concentration at baseline was 10.6 g/dL, transferrin saturation 17.3% and serum ferritin 153 ng/mL. At baseline, erythopoiesis stimulating agents were used by only 8.1% of the participants. Mean mGFR was 34.5 mL/min/1.73 m 2 and proteinuria had a geometric mean of 0.5 g/g creatinine. The median follow up (interquartile range) of all participants was 24.0 months (11.0-24.3) and did not differ by treatment group assignment. Figure 1a shows hemoglobin levels at baseline and over time in all participants. At baseline, mean hemoglobin was 10.5 g/dL in the oral iron group and 10.7 g/dL in the IV iron group. Hemoglobin levels improved over time in both groups, and no statistically significant difference between mean levels in the treatment groups was noted during follow-up.
Hemoglobin control between groups and interventions to maintain hemoglobin
Changes in transferrin saturation, total iron binding capacity, and serum ferritin are shown in figure 1b-d. Serum ferritin concentration was significantly higher in the IV iron group only from baseline to 6 months.
Beyond the first 8 weeks of repletion therapy, intravenous iron administration was given to two subjects in the oral iron group (doses of 250 mg and 1000 mg) of which one was given during a hospitalization. In contrast, 9 subjects in the IV iron group received additional IV iron at a median dose of 1729 mg (IQR 838 mg to 2000 mg). In comparison, oral iron was prescribed after the 8 week randomized treatment period to 7 subjects in the IV iron group for median of 20 days (IQR 12.3 to 20) and beyond the first 8 weeks to 36 subjects for a median of 60 days (IQR 30 to 90) (p value for difference in medians = 0.001)
The average ESA use over the course of two years was similar in the two groups. In the oral iron group 22 subjects required ESA for average of 61 weeks (SD 39) with a geometric mean cumulative dose of darbepoetin of 483 mcg. In the IV iron group 16 subjects required ESA for average of 54 weeks (SD 41) with a geometric mean cumulative dose of darbepoetin of 614 mcg.
Twelve study participants in each group received blood transfusions. Of those who needed packed red blood cell transfusions, the mean number of units needed over 2 years was 5.3 (range 2 to 20 units) in the oral group and 3.5 (range 1 to 7) in the IV group (t=0.99, p=0.3)
Early Termination of the Trial
The trial was stopped early on the unanimous recommendation of the DSMB based on an increase in the serious adverse event rate in participants assigned to IV iron treatment compared to oral iron therapy and little difference in mGFR between treatment groups. Given the persisting signal of safety, but little chance of finding the projected difference in measured GFR between groups, they unanimously recommended termination of the trial. Figure 2a shows the modeled iothalamate measured GFR slopes in the two groups adjusted for baseline log urinary protein/creatinine ratio. Iothalamate GFR declined similarly over time in both groups (oral iron −3.6 mL/min/1.73m 2 per year, IV iron − 4.0 mL/min/1.73m 2 per year, between group difference −0.35 mL/min/1.73m 2 per year (95% confidence interval (CI) −2.9 to 2.3, p=0.79). After additional adjustment for age, sex, black race, ACE/ARB use, and cardiovascular disease the rate of change in GFR became more similar between groups (oral iron −3.8 mL/min/1.73m 2 per year, IV iron − 3.9 mL/min/1.73m 2 per year, between group difference −0.11 mL/min/1.73m 2 per year (95% confidence interval (CI) −2.7 to 2.5, p=0.94) (Figure 2b ).
Rate of decline in kidney function
The small baseline difference in proteinuria was not statistically significant. There was significant increase in proteinuria over time (p=0.04) in both treatment groups, however, there was no significant difference between groups ( Figure S2 ).
Results of Kidney Disease Quality of Life
None of the domains of the KDQOL Questionnaire demonstrated any significant change over time or a significant interaction between treatment groups over time (Figure 3a-d) . Table 2 shows the serious adverse events between groups over the course of the trial. There were 6 deaths in the IV group and 4 in the oral iron group. A total of 104.5 patient-years (PY) of follow-up was obtained in the oral iron treatment group and 101 PY of follow up in the intravenous iron treatment group. Serious adverse events in the oral iron group occurred in 40 subjects who had 176 events (168.4/100 PY); in the intravenous iron group they occurred in 37 subjects who had 201 events (199/100 PY), unadjusted incidence rate ratio (IRR) 1.18 (95% CI 0.97-1.45, p=0.106). Adjusted IRR was 1.60 (1.28 -2.00), p<0.0001.
Serious adverse events
Serious adverse events due to infections in the oral iron group occurred 27 times in 11 subjects (25.8/100 PY); in the intravenous iron group they occurred 37 times in 19 subjects (36.6/100 PY; incidence rate ratio (IRR) 1.42 (95% CI 0.86-2.33, p=0.17). Adjusted IRR was 2.12 (1.24 -3.64), p<0.006. Compared to the oral iron group, the incidence of lung and skin infections were increased between 3-4 fold in the intravenous iron group. Cardiovascular events in the oral iron group occurred 36 times in 19 subjects (34.4/100 PY); in the intravenous iron group they occurred 55 times in 17 subjects (54.4/100 PY; incidence rate ratio (IRR) 1.58 (95% CI 1.04-2.41, p=0.033). Adjusted IRR was 2.51 (1.56 -4.04), p<0.001. Compared to the oral iron group, the incidence of hospitalized heart failure was increased about 2 fold in the intravenous iron group. Supplementary figures S3-5 show that the distribution of the events was such that it was not one or two subjects in one group who influenced the outcomes.
Overall, gastrointestinal adverse events particularly diarrhea were more common among participants randomized to oral iron (Table S1 , appendix). Gout on the other hand was more frequent among those randomized to IV iron.
Discussion
Among anemic patients with iron deficiency and CKD enrolled in the REVOKE trial intravenous iron therapy we failed to confirm that intravenous iron accelerates the decline in kidney function. However, intravenous iron was associated with an increased frequency of overall serious adverse events as well as cardiovascular and infectious complications. Specifically, intravenous iron administration was also associated with an increased incidence of the hospitalizations due to congestive heart failure, pneumonias and serious skin infections (requiring administration of antibiotics in the hospital) which became apparent after adjustment for the more favorable clinical and demographic characteristics at baseline among participants assigned to intravenous iron therapy (younger age, lower prevalence of cardiovascular disease and hospitalized infections). Treatment with either oral or intravenous iron-repletion therapy produced statistically and clinically significant improvements in hemoglobin that were sustained over the 24 months of the trial.
In a meta-analysis comparing randomized trials of oral to intravenous iron on hemoglobin response among patients with chronic kidney disease not on dialysis Rozen-Zvi et al reported 6 studies [20] . Five of these 6 trials were short-term, 1 to 3 months, and compared to oral iron, the mean increase in hemoglobin with intravenous iron was 0.31 (95% CI 0.09 to 0.53) g/dL. However, one of the studies included in this meta-analysis was 6 months long and had a mean decline in hemoglobin of 0.52 g/dL associated with intravenous iron administration [21] . In the largest randomized clinical trial comparing IV to oral iron in iron deficient anemic patients with CKD, the Ferinject® assessment in patients with Iron deficiency anemia and Non-Dialysis-dependent Chronic Kidney Disease (FIND-CKD) investigators randomized 626 patients in 193 centers in 1:1:2 ratio to ferric carboxymaltose targeting ferritin to high level (400 -600 ng/mL), lower level (100-200 ng/mL) or oral iron with the primary end-point of time to initiation of other anemia management (ESA, other iron therapy or blood transfusion) or hemoglobin (Hb) trigger of two consecutive values <10 g/dL during Weeks 8-52. The investigators reported the mean change in Hgb from baseline to 52 weeks as 1.0 g/dL in oral iron group, 0.9 g/dL when IV ferric carboxymaltose targeted ferritin to 100-200 ng/mL and 1.4 g/dL (p=0.26) when IV ferric carboxymaltose targeted ferritin to 400-600 ng/mL (p=0.014) [22] . Although statistically significant, the difference in hemoglobin of 0.4 g/dL between oral iron and high dose IV iron observed in that study should be interpreted cautiously because the oral ferrous sulfate administration was only 100 mg twice daily which is much below the recommended intake of ferrous sulfate 325 mg three times daily used in our trial. Given the short duration of most of the clinical trials comparing oral with intravenous administration of iron the long-term safety of these modes of administration of supplemental iron could not be assessed. Accordingly, guidelines have no recommendation on the preferred mode of iron administration in such patients [19] .
We showed that compared to oral iron-based therapy, intravenous iron therapy was associated with greater risk of infections and cardiovascular complications. Although assignment to the intravenous iron treatment group resulted in greater increments in both transferrin saturation and serum ferritin concentration, suggesting a better repletion of iron stores, there was little difference in mean hemoglobin increments in the long term. Overall, there was an increase in proteinuria noted, however between group differences over time in baseline proteinuria were not observed. These findings confirm no increase in basal level of proteinuria over several weeks among patients receiving intravenous iron [16] .
The adverse events observed in our randomized trial are biologically plausible. Iron promotes growth of even common bacteria such as Staphylococcus epidermidis [23] . In addition, the inflammatory response to infection is enhanced [24;25] and phagocytic function of neutrophils has been shown to be impaired by iron [26] . Compared to oral iron, a greater iron saturation and a higher serum ferritin concentration was seen in the IV iron group which may increase the likelihood for the generation of free iron. Free iron induces the generation of the hydroxyl ion via the Haber-Weiss Fenton reaction, quenching of nitric oxide, endothelial dysfunction and may accelerate atherosclerosis [27] . Repeated administration of iron sucrose results in post infusion proteinuria [16] ; if this results in impaired sodium handling by the kidney it may explain excess heart failure hospitalizations seen in our study.
Our findings may not be generalizable to patients with kidney failure requiring hemodialysis patients or those with heart failure. As an example, among patients with heart failure randomized to either ferric carboxymaltose or placebo and followed for six months, cardiovascular disorders (sum of cardiac, vascular and neuro disorders) were incident in 11.6/100 PY in iron group and 25.6/100 PY in the placebo group [28] . This is in sharp contrast to 52.5 events/100 PY in IV iron group and 33.5/100 PY in the oral group in our study. Infections were seen with an incidence of 1.4/100 PY in iron group and none in the placebo group which again is in contrast to 36.6 events/100 PY in IV iron group and 25.8/100 PY in the oral group in our study. In another study, heart failure patients with iron deficiency with or without anemia 86% of participants came from Russia, Ukraine, and Poland. Participants were randomized to ferric carboxymaltose (FCM) or placebo and followed for one year had serious adverse event rate of about one-quarter that reported in our study [29] . Because compared to the general population, patients with CKD are at elevated risk for cardiovascular and infectious illnesses, intravenous iron may exacerbate this risk.
Neither of the above studies was done in the CKD population. However, despite about a year long trial, our safety data are difficult to compare to even the FIND-CKD study for several reasons [22] . First, they excluded patients whose CKD was progressing rapidly and they could reach ESRD within 12 months. Second, adverse events and serious adverse events are reported up to the point at which another anemia therapy was initiated and/or the randomized study medication was discontinued. In other words, if ESA was initiated or patient transfused, the study stopped reporting serious adverse events. Third, serious adverse events were reported if they occurred in <1% of the patients. Even so, the investigators reported serious adverse events in 25.3, 24.0 and 18.9% of patients in the high-ferritin IV iron, low-ferritin IV iron, and oral iron groups, respectively. Thus, compared to oral iron group, IV iron SAE was between 27% and 34% higher. Fourth, multiple events within patients were not reported. In other words, multiple CHF events in one patient would only be reported once. REVOKE counted each event as a separate SAE. In fact, the number of patients who had SAEs in REVOKE were similar between oral and IV iron groups. Indeed in our study, we found that exposure to IV iron increased the frequency-not the number of participants-with serious adverse events.
Although our results should not be extrapolated to hemodialysis patients, it is notable that among hemodialysis patients intravenous iron is being increasingly used [30;31] . This is presumably so in an effort to maintain hemoglobin concentration while sparing erythropoietin to reduce cost; this has provoked an increase in serum ferritin concentration and transferrin saturation. Our study raises the need for further research regarding the safety of this practice.
Among the trials conducted to date to evaluate role of route of therapy to replenish iron, ours is the first to directly measure GFR and is one of the longest. Also randomizing a reasonably large number of subjects at one center with all adverse event ascertainments done by one investigator is a notable strength of this trial. There are limitations to consider including an open-label design although this likely did not affect measurement of GFR or occurrence of all cause adverse events. Second, there were slight imbalances in the clinical and demographic characteristics of the treatment groups at baseline, however, they were less favorable (older age, more cardiovascular and infectious disease history) among the oral iron group. Third, we did not have a placebo group. Thus, we did not study whether no iron is even safer than oral iron in this group of patients, but that would be considered unethical. Taken together, our findings raise the urgent need for long term safety of intravenous iron in vulnerable populations such as CKD.
The primary question posed by our study as to whether intravenous iron accelerates the decline in GFR in patients with CKD was not conclusively answered; however, the likelihood of finding a 50% difference in mGFR at two years was very low. However, among patients with iron deficiency anemia and moderate to advanced CKD, compared to oral iron, intravenous iron sucrose appears to result in a higher risk for infections and cardiovascular complications over the long-term. Oral iron may be the preferred initial mode of treatment for iron deficiency anemia in stage 3 and 4 CKD.
Methods
The randomized trial to evaluate intravenous and oral iron in chronic kidney disease (REVOKE) was an open-label, parallel group, active control, single center randomized trial designed to compare the safety and efficacy of an oral iron therapy with an intravenous iron treatment, each administered over the first 8 weeks after randomization. The study was conducted between August 2008 and November 2014 with study participants recruited from Eskenazi Hospital and the Veterans Administration (VA) Hospital both located in Indianapolis, IN, USA. Initially constituted by the National Institutes of Health, an independent data and safety monitoring board (DSMB) reviewed the information on safety and study progress at least annually. During the latter part of the study a new DSMB was established by Indiana University. The study was approved by the Institutional Review Board of Indiana University and the Research and Development Committee of the Roudebush VA Medical Center, Indianapolis. All study participants provided written informed consent.
Participants
Study participants were required to be at least 18 years of age, have an estimated GFR (eGFR) by the 4-component MDRD formula of >20 and ≤ 60 ml/min/1.73m 2 using IDMScalibrated creatinine [32] , anemia and iron deficiency. Anemia was defined as blood hemoglobin concentration <12 g/dL and iron deficiency as either a serum ferritin concentration of <100 ng/mL or serum transferrin saturation of <25%. Other exclusions are listed in the appendix.
Study design
Randomization-Eligible participants were randomized in a 1:1 ratio, using permuted blocks, to either oral iron or intravenous iron using concealed opaque envelopes. The randomization sequence was computer generated by a statistician.
Study intervention-Iron deficiency was treated over 8 weeks beginning at time of randomization for both treatment groups. Participants were seen at weeks 0, 2, 4, 6, and 8 after randomization. Those randomized to the IV iron group received iron sucrose 200 mg intravenously over 2 hours at each of these 5 visits. Participants randomized to oral iron were counseled to take ferrous sulfate 325 mg three times daily for 8 weeks to provide at least the minimum dose of 200 mg elemental iron per day. Subsequently, in-person visits were conducted at 3, 6, 12, 18 and 24 months after randomization. The planned duration of the study was 24 months and mGFR was obtained at baseline, 8 weeks, 6 months, 12 months, and 24 months after randomization.
An interim medical history, review of a list of medications and all adverse events related or unrelated to the randomized treatment were obtained at each in-person study visit.
Measurement of glomerular filtration rate-Plasma clearance of iothalamate was measured by administering an intravenous bolus of 5 mL of iothalamate meglumine (Conray 60, Malinkrodt, St Louis, MO) and sampling 2 mL of blood at 0, 5, 10, 20. 30, 45, 60, 90, 120, 150, 180, 240 and 300 minutes after injection. Iothalamate was measured by high performance liquid chromatography. Plasma clearance was calculated using a two-pool model using validated pharmacokinetic software (Winnonlin). Coefficient of variation for repeated measurement of plasma iothalamate clearance three days apart in the same subjects was 5.7% [33] .
Other measurements-Hemoglobin and serum chemistries were measured at biweekly intervals for the first 8 weeks after randomization and with every research visit thereafter. Iron stores were determined at baseline, 8 weeks and then at every GFR visit thereafter. Quality of life was measured by the Kidney Disease Quality of Life (KDQOL) instrument [34] at baseline, and periodic intervals thereafter. Proteinuria was estimated using measurements of urinary protein and creatinine prior to iron administration at baseline and at periodic intervals thereafter.
Anemia was managed by protocol using iron and erythropoiesis stimulating agents (see appendix). Rescue therapy with additional iron therapy is also described in the appendix.
Outcomes
The primary outcome was the between treatment group difference in the slope of mGFR from baseline to two years adjusted for the log of baseline urinary protein/creatinine ratio. Further adjustment of the primary outcome was also made for age, sex, race (Black vs nonBlack), ACE/ARB use, and the presence or absence of cardiovascular disease (all determined at baseline) and was a pre-specified secondary outcome. Another secondary outcome was the between group percent change in proteinuria from baseline to 8 weeks.
Other outcomes were the difference between hemoglobin response between treatment groups and change in KDQOL.
Statistical Analysis
We assumed a mean rate of decline in GFR of 4 mL/min/1.73 m2 per year in the oral iron group and a 50% greater decline in the IV iron group and a cumulative rate of drop-out of 25%. We established a recruitment target of 100 patients for each treatment group with a minimum duration of follow-up of two years to achieve 82% power to detect our hypothesized difference in decline in kidney function at the 5% level of significance.
The analysis of the primary outcome was intention to treat, if the patient received at least one dose of the randomized drug (which was the case for each subject). A linear mixed model was used with GFR as the outcome variable. Fixed effects were indicator variables for time (treated as a continuous variable), treatment, and their interaction. Random effects were subject and time with unstructured covariance; statistical inference was made using the maximum likelihood estimator. To avoid biasing the slopes we imputed GFR to be 10 mL/min/1.73m 2 in case of death or ESRD. ESRD was defined as kidney transplantation or the receipt of dialysis for at least 30 days unless death occurred. Similar mixed models were used for analyzing the KDQOL domains and log transformed urine protein/creatinine ratio, except that time was treated as a categorical variable.
An adverse event was deemed serious if it resulted in hospitalization or a visit to the emergency room where an intervention was made to avert hospitalization. The nature and number of all serious adverse events was adjudicated by RA who was unaware of treatment assignment at the time of ascertainment. The duration of participation in the study per subject, which according to the trial design could be up to 24 months, was determined. The event rate was calculated by treatment group assignment. Incidence rate ratio by treatment was then determined along with the 95% confidence intervals using the Poisson distribution assumption.
Adjudicated cardiovascular events included the following: myocardial infarction, stroke, hospitalization for congestive heart failure, hospitalized angina, arrhythmias, cardiac arrest, coronary revascularization, and peripheral vascular interventions. Adverse events reported are those during the course of 24 months of participation in the trial. Time course of change in measured GFR using plasma iothalamate clearance. Plasma iothalamate clearances were measured at 5 time points over 2 years (baseline, 8 weeks, 6 months, 1 year and 2 years). Error bars indicate one standard error of the modeled mean at each time point. The numbers at the bottom each of the figures denote the number of subjects with measurements in each of the two groups. Observed means for each group are shown just above the x-axis and were similar to modeled means. Figure 2a shows the modeled slopes over 2 years adjusted for baseline log urine protein/creatinine ratio. This was the primary end point of the study. Slope for oral iron −3.6 mL/min/1.73m 2 per year, IV iron − 4.0 mL/min/1.73m 2 per year, between group difference −0.35 mL/min/1.73m 2 per year (95% confidence interval (CI) −2.9 to 2.3, p=0.79). Figure 2b is a model further adjusted for age, sex, race, ACE or ARB use, and cardiovascular disease. This was the secondary end point: slope for oral iron −3.8 mL/min/1.73m 2 per year, IV iron − 3.9 mL/min/1.73m 2 per year, between group difference by 0.11 mL/min/1.73m 2 per year (95% confidence interval (CI) −2.7 to 2.5, p=0.94). Time course of kidney disease quality of life by treatment group Least square mean estimates of health related quality of life scores are shown over time by two treatment groups. Error bars are one standard error of the mean. None of the comparisons were statistically different over time or between groups over time. Higher scores mean denote a higher health related quality of life. Other domains of the KDQOL (data not shown) were also not significant. Table 2 Serious adverse events reported following randomization 
